Selective attachment of Escherichia coli K-12 bacterial cells to charged gold surfaces was demonstrated. Electrostatic binding of E. coli K-12 bacterial cells to positively charged surfaces was observed starting at +750 mV. The binding of E. coli K-12 cells to positively charged gold surfaces is proposed to occur due to longrange electrostatic interactions between the negatively charged O-chain of lipopolysaccharide (LPS) molecules protruding the bacterial cell body and the electrode surface. Removing LPS alters the cellular surface charge and results in cellular attachment to negatively charged surfaces. Thus, applying an electrical potential allows for the direct, real time detection of live, dead or damaged bacterial cells. The attachment of E. coli K-12 bacterial cells to surfaces with an applied potential substantiates the hypothesis that an electrostatic interaction is responsible for the binding of bacterial cells to positively charged molecular assemblies on surfaces used for building bacterial microarrays.
Introduction
A great deal of effort has gone into the development of modified surfaces that resist cellular adhesion [1] , [2] , [3] , [4] , [5] , and such surfaces have been used in sensor development [2] , [6] , and biomaterials [2] , [7] , [8] , [9] . Previous approaches to attach whole, motile bacterial cells to surfaces centered around the random attachment of bacteria through their flagella as well as fimbriae and pilli [10] , [11] , [12] . However, motile bacterial cells can adhere to surfaces through cell surface macromolecules via both specific and non-specific interactions involving hydrophobic, hydrophilic and/or van der Waal forces [1] , [13] , [14] . It has previously been shown that motile Escherichia coli cells could be randomly adhered to a surface through interactions with an antibody [15] , [16] , and similar results have been obtained for motile bacterial cells, such as Salmonella typhimurium and Helicobacter pylori [14] , [17] , [18] , [19] . In addition, whole bacterial cells have been shown to randomly adhere to surfaces coated with polysaccharides, polystyrene, poly-l-lysine, and even hyper-branched polymer film templates [1] , [4] , [6] , [13] , [20] , [21] , [22] .
Recently, microarrays of motile bacterial cells were prepared by attaching E. coli K-12 cells to pre-designed micron-sized patterns of 16-mercaptohexadecanoic acid (MHA) patterned on gold surface via microcontact printing and treated with poly-l-lysine (PLL) [23] . Based on these data, a single motile E. coli bacterial cell can be attached to a pre-designed line or dot feature with binding occurring primarily via the cell body, however, some surface-flagella binding also occurred. In addition, surface bound bacteria were shown to remain alive and motile after adhesion to a patterned surface for more than 4 h [23] . The observed binding of E. coli K-12 bacterial cells to MHA-PLL surface patterns at pH 7.8, was proposed to be due to electrostatic interactions between the negatively charged E. coli cells [24] and the protonated amino groups (NH3 + ) of poly-l-lysine.
In order to understand in greater detail the binding mechanism of E. coli K-12 motile bacterial cells to surfaces, we have examined the effect of electrochemical potential applied to a bare gold surface on E. coli binding. Our data indicate that negatively charged gold surfaces repel E. coli K-12 motile bacterial cells while positively charged surfaces bind E. coli cells. In addition, the electrostatic interaction between E. coli K-12 motile bacterial cells and charged surfaces was examined by altering the surface charge of E. coli K-12 bacterial cells. These data verify the hypothesis that bacterial binding to microarrays is due to electrostatic forces.
Materials and methods

Materials
The tetrasodium salt of ethylenediaminetetraacetate (EDTA) was purchased from Aldrich/Sigma Chemical Co.
(Milwaukee, WI) and used as received without further purification. Milli-Q water (18.2 MΩ) was used for all aqueous experiments. Gram-rods of E. coli K12 bacterial cells were purchased from the Carolina Biological Supply Company.
Bacterial cell preparation
E. coli K-12 bacterial cells were grown from a single colony in Luria-Bertani (LB) broth in a rotary shaker incubator at 37 °C and 225 rpm for 7-8 h. When the optical density (OD600) of the culture reached ca. 0.8-1.0 (Agilent 8453 UV-vis spectroscopy system), the bacterial cells were centrifuged at 4000 rpm for 20 min and resuspended in M9 media prepared from commercially available M9 minimal salts. The final bacterial concentration was approximately (1-2) × 10 7 cells/mL, which was determined by measuring the absorbance at 600 nm and by counting cells methods using a Bright-Line hemacytometer (Fisher Scientific).
Imaging
Fabricated microarrays were characterized by optical and atomic force microscopy's (AFM). Either a Veeco CPResearch or Nanoscope IV (Nanoman) was employed to acquire topography and frictional force images. The cantilever tip (Model # MSCT-AUHW, purchased from Veeco) had a spring constant of 0.05 N/m. Optical images were obtained with an Axiovert 100A optical microscope equipped with a Penguin 600CL digital camera and StreamPix software.
Results and discussion
Recently, it was proposed that E. coli K-12 bacterial cells bind to MHA-PLL modified gold surfaces through an electrostatic interaction between the protonated amino groups (NH3 + ) of poly-l-lysine and the negatively charged surface of E. coli cells [23] . In order to test this hypothesis, we have examined the effect of electrochemical potential on E. coli K-12 bacterial cell adhesion to bare gold surfaces. The attachment E. coli K-12 bacterial cells to bare gold surfaces were performed under ambient conditions using a Bass 100 electrochemical apparatus (Scheme 1). Briefly, a voltage was applied between a gold substrate (working electrode) and a platinum counter electrode and measured with respect to a silver/silver-chloride reference electrode. E. coli K-12 bacterial cells were grown as previously described [23] and transferred to M9 media at 37 °C. Approximately 25 ml of M9 media containing E. coli K-12 bacterial cells (OD = 1) was used for each electrochemical attachment experiment. In order to exclude unspecific binding, the gold substrate was immersed and removed from cell containing M9 media under the voltage conditions indicated for each experiment. Electrochemical attachment of E. coli K-12 bacterial cells was initially examined at potentials of V = 0 and ±1000 mV applied to a gold substrate for ∼5 min. After each experiment, the substrate was removed from the M9 media, washed in nanopure water, and dried in air and optical and AFM studies were conducted. Scheme 1. Sketch of the experimental setup used for the electrochemical binding studies described herein for E. coli K-12 bacterial cells to gold substrates.
Optical images of E. coli K-12 bacterial cells bound to bare gold surfaces at +1000, 0 and −1000 mV indicate that negatively charged surfaces repel E. coli K-12 cells while positively charged surfaces attract them and cause cellsurface attachment (Fig. 1) . These data are consistent with the proposal that E. coli cell surfaces are negatively charged due to surface phosphate and carboxylate groups composing the core region of lipopollysaccharide (LPS) molecules [24] . Applying a negative potential (−1000 mV) to electrochemically attached E. coli K-12 cells removes ∼60% of the bacteria from the gold electrode surface. These data indicate that the electrochemical attachment process is only partially reversible. Based on atomic force microscopy (AFM), E. coli K-12 cells attached to gold surfaces at +1000, 0 or −1000 mV are significantly different in both shape and cell surface integrity. E. coli K-12 cells attached to positively charged (+1000 mV) and neutral gold surfaces are in good condition and exhibit the shape and cell surface features expected for a healthy bacterial cell ( Fig. 2A and B) . In contrast, E. coli K-12 cells attached to negatively charged (−1000 mV) bare gold surfaces experience cell wall destruction and exhibit fractured flagella that are not protruding from the bacterial cell bodies (Fig. 2C) . Flagella binding to a negatively charged surface, indicates that bacterial flagella are positively charged. Archaeal flagellins composing the flagellum filament have positively charged amino acids [25] , likely resulting in the electrostatic attraction to negative surfaces. In order to determine the minimum electrochemical potential needed to attached E. coli K-12 bacterial cells to gold surfaces, voltages ranging from V = ±250, ±500 and ±750 mV were examined. Optical images of E. coli K-12 bound to bare gold surfaces at ±250, ±500 and ±750 mV indicate that E. coli cells will bind to bare gold surfaces only at potentials ≥+750 mV (Fig. 3) . These data indicate that E. coli K-12 bacterial cells can be attached to surfaces through electrostatic forces and that the cell surface is negatively charged. While the majority of cells bind to positively charged gold surfaces, some bacteria attach to negatively charged surfaces indicative of some positive charge build-up on cellular surfaces. Positively charged E. coli cell surfaces are likely due to the destruction of negative O-chains of LPS molecules that shield a positively charged core region [24] , [26] . The observed perturbations in the shape of the cell surface of bacteria attached to positively charged surfaces (Fig.  2C) are likely the result of LPS damage. Fig. 3 . E. coli K-12 bacterial cell attachment to bare gold surface at ±250, ±500 and ±750 mV.
Examination of the role of LPS in forming negative charge of the cell envelope and the electrostatic interaction between E. coli K-12 bacterial cells and positively charged surfaces was further probed by altering the charge on the cellular surface by treating bacterial cells with ethylenediaminetetraacetate (EDTA). The addition of EDTA disrupts the LPS molecular assembly resulting in removal of O-antigen giving a positive charge to the cell surface [27] . After bacteria were grown in LB media they were centrifuged and washed in nanopure water, recentrifuged and resuspended in a 10 mM aqueous solution of EDTA for 30 min after which they were centrifuged and resuspended in M9 media and allowed to stand for ∼40 min at 37 °C. A voltage was applied to a gold substrate, immersed in M9 media containing E. coli K-12 cells treated with EDTA, for 5 min at a potential of V = −1000 mV. The substrate was removed from the M9 media, washed in nanopure water, dried in air and optical and AFM studies were recorded.
Optical images of E. coli K-12 bacterial cells bound to a bare gold surface with an applied potential of −1000 mV before and after treatment with EDTA are shown in Fig. 4 . Interestingly, EDTA treated E. coli K-12 cells are now attracted to the negatively charged surface, exactly opposite to what is observed with untreated E. coli K-12 cells. A positive charge build-up on the surface of E. coli K-12 cells likely occurs due to the degradation of the Ochains of LPS molecules, which shield a positively charged core region [24] , [26] . High-resolution AFM images of E. coli K-12 cells before and after treatment with EDTA ( Fig. 5A and B) reveal the difference in the shape and size of the bacterial cells. The AFM image of an un-treated E. coli K-12 cell indicates the presence of flagella and pili around a well-shaped cell body (Fig. 5A) . Conversely, an AFM image of an E. coli K-12 cell treated with EDTA does not show any flagella or pili present, but indicates that disruptions in the bacterial cell envelope occur (Fig. 5B) . These data suggest that treatment of E. coli K-12 cells with EDTA causes damage to the LPS chains on the surface of the cell body resulting in a positively charged cell surface. In conclusion, the attachment of E. coli K-12 bacterial cell to MHA-PLL surfaces was hypothesized to be due to electrostatic interactions between negatively charged groups on the cell surface of E. coli K-12 cells and the positively charged PLL molecule [23] . Based on the data reported herein, E. coli K-12 bacterial cells are only attracted to positively charged surfaces and only when a potential of at least +750 mV is applied. These data indicate that the cell surface is negatively charged, thus substantiating the proposed binding of E. coli K-12 cells to PLL. In addition, treatment of E. coli K-12 cells with EDTA disrupted surface LPS molecules, which resulted in a loss of the negative charge on the cell surface. Therefore, LPS is likely the main negatively charged species on the cell surface and, therefore, accounts for most of the electrostatic interaction with PLL. These data also indicate that applying an electrical potential allows the direct, real time detection of live, dead or damaged bacterial cells.
